We demonstrate a novel artificial optical material, the "photonic hyper-crystal", which combines the most interesting features of hyperbolic metamaterials and photonic crystals. Similar to hyperbolic metamaterials, photonic hyper-crystals exhibit broadband divergence in their photonic density of states due to the lack of usual diffraction limit on the photon wave vector. On the other hand, similar to photonic crystals, hyperbolic dispersion law of extraordinary photons is modulated by forbidden gaps near the boundaries of photonic Brillouin zones. Three dimensional self-assembly of photonic hyper-crystals has been achieved by application of external magnetic field to a cobalt nanoparticle-based ferrofluid. Unique spectral properties of photonic hyper-crystals lead to extreme sensitivity of the material to monolayer coatings of cobalt nanoparticles, which should find numerous applications in biological and chemical sensing.
INTRODUCTION
Over the last few decades a considerable progress has been made in developing artificial optical materials with novel and often counterintuitive properties. Revolutionary research by Yablonovitch and John on photonic crystals 1,2 was followed by the development of electromagnetic metamaterial paradigm by Pendry. 3 Even though considerable difficulties still exist in fabrication of three-dimensional (3D) photonic crystals and metamaterials, both fields exhibit considerable experimental progress. 4, 5 On the other hand, on the theoretical side these fields are believed to be complementary but mutually exclusive. Photonic crystal effects typically occur in artificial optical media which are periodically structured on the scale of free space light wavelength , while electromagnetic metamaterials are required to be structured (not necessarily in a periodic fashion) on the scale, which is much smaller than the free space wavelength of light. For example, in metal nanowire-based hyperbolic metamaterials 6 schematically shown in Fig.1A the inter-wire distance must be much smaller than . Here we report experimental realization of 3D "photonic hyper-crystals" which bridge this divide by combining the most interesting properties of hyperbolic metamaterials and photonic crystals.
THEORETICAL CONCEPT OF PHOTONIC HYPER-CRYSTAL
Our concept of the photonic hyper-crystal 7 is based on the fact that dispersion law of extraordinary photons in hyperbolic metamaterials Existence of large k-vector modes in a broad range of frequencies is responsible for such unusual effects as hyperlens-based super-resolution imaging [8] [9] [10] [11] and broadband divergence of photonic density of states in hyperbolic metamaterials. 12 On the other hand, this also means that periodic modulation of hyperbolic metamaterial properties on a scale L<< see inset in Fig.1A ) would lead to Bragg scattering of extraordinary photons and formation of photonic band structure no matter how small L is. 8 Thus, so formed "photonic hyper-crystals" would combine the most interesting properties of hyperbolic metamaterials and photonic crystals. For example, similar to classic photonic crystal effect predicted by John, 2 strong localization of photons may occur in photonic hyper-crystals. However, unlike usual photonic crystals where light localization occurs on a scale ~, photonic hyper-crystals may exhibit light localization on deep subwavelength scale. Similar to surface plasmon resonance (SPR) 13 and surface enhanced Raman (SERS) 14 -based sensing, engineered localization of light on deep subwavelength scale in photonic hyper-crystals should find numerous applications in biological and chemical sensing.
Band structure and field distribution inside a photonic hyper-crystal may be obtained in a straightforward manner. While both  xy and  z may exhibit periodic spatial dependencies, let us consider the relatively simple case of coordinateindependent  xy > 0 and periodic  z (z) < 0 with a period L << . Comparison of the effective medium dispersion of a nanowire-based hyperbolic metamaterial (A) to the exact solution for photonic crystal (B). The hyper-crystal unit cell in (B) is assumed to be 1000 nm, with one half of the cell is filled with the same ferrofluid while another half is pure kerosene. The ferrofluid aligned by external magnetic field applied in the z-direction, is characterized by the material parameters described in Fig. 3 . The stratified ferrofluid is assumed to form layers with the normal along the x-direction. The effective medium dispersion in panel (A) uses the dielectric permittivity tensor obtained by the homegenization of the electromagnetic response of the hyper-crystal unit cell. This is an artificial result that would be expected if we could experimentally isolate magnetic field induced hyperbolic behaviour of the ferrofluid from its photonic hyper-crystal behaviour. In both panels, the wavevector components are given in units of the free-space wavenumber k 0 . Strong Bragg scattering is observed near the Brillouin zone boundaries at k z ~ /L >> /, leading to the formation of photonic bandgaps in both the wavenumber and the frequency domains. This behavior is illustrated in Fig. 2 , where we compare the dispersion diagram for an example of such nanowire-based photonic hyper-crystal to its effective medium counterpart. The material parameters of photonic hyper-crystal are based on the parameters of stratified ferrofluid described below. However, we should emphasize that Fig. 2A is presented as an illustration only, since in real experiment we cannot separate magnetic field-induced hyperbolic properties of the ferrofluid from its photonic hypercrystal properties (or vice versa), at the actual wavelengths where both properties coexist.
EXPERIMENTAL DEMONSTRATION OF PHOTONIC HYPERCRYSTAL
In order to validate the photonic hyper-crystal concept we have developed an experimental technique which uses threedimensional self-assembly of cobalt nanoparticles in the presence of external magnetic field. Magnetic nanoparticles in a ferrofluid are known to form nanocolumns aligned along the magnetic field. 15 Moreover, depending on the magnitude of magnetic field, nanoparticle concentration and solvent used, phase separation into nanoparticle rich and nanoparticle poor phases may occur in many ferrofluids. 16 This phase separation occurs on a 0.1-1 micrometer scale. Therefore, it can be used to fabricate a self-assembled photonic hypercrystal.
Application of Maxwell-Garnett approximation to electromagnetic properties of a ferrofluid
For our experiments we have chosen cobalt magnetic fluid 27-0001 from Strem Chemicals composed of 10 nm cobalt nanoparticles in kerosene coated with sodium dioctylsulfosuccinate and a monolayer of LP4 fatty acid condensation polymer. The average volume fraction of cobalt nanoparticles in this ferrofluid is p = 8.2%. Cobalt behaves as an excellent metal in the long wavelength infrared range (LWIR), as evident by Fig. 3A : the real part of its refractive index, n, is much smaller than its imaginary part, k. 17 Thus, real part of Re = n 2 -k 2 , is negative, and its absolute value is much larger than its imaginary part, Im=2nk. Therefore, it is highly suitable for fabrication of hyperbolic metamaterials. The structural parameter of such a metamaterial falls into a few nanometers range: the cobalt nanoparticle size is 10 nm, while average inter-particle distance at 8.2% volume fraction is about 19 nm. Therefore, the metamaterial properties may be described by effective medium parameters on spatial scales ~100 nm. On the other hand as demonstrated below, ferrofluid begins to exhibit hyperbolic behavior in the range of free space wavelengths ~10000 nm and above -in the so called long wavelength infrared (LWIR) frequency range. Thus, in between 100 nm and 10000 nm there exists an ample range of spatial scales which enable photonic hyper-crystal behavior described above. For example, if the effective medium parameters of ferrofluid are modulated on the scale of ~2000 nm (as evident from Fig. 1C ) the large k-vector modes which exist in the metamaterial in the LWIR range will experience Bragg scattering due to this modulation. Using this model, the diagonal components of the ferrofluid permittivity may be calculated using Maxwell-Garnett approximation as follows 18 : The value of  H as a function of wavelength is plotted in Fig. 3B . This plot indicates that the original ferrofluid diluted with kerosene at a 1:10 ratio remains a hyperbolic medium above  = 5m. More interestingly, such a diluted ferrofluid develops very pronounced phase separation into periodically aligned cobalt rich and cobalt poor phases (with periodicity L ~ 2 m) if subjected to external magnetic field. Optical microscope images of the diluted ferrofluid before and after application of external magnetic field are shown in Figs. 1B,C. The periodic pattern of self-assembled stripes visible in images C and D appears due to phase separation. The stripes are oriented along the direction of magnetic field. It clearly demonstrates the tunability of the medium by external magnetic field. The stripe periodicity L ~ 2 m appears to be much smaller than the free space wavelength in the hyperbolic frequency range. Therefore, created self-assembled optical medium appears to be a photonic hyper-crystal. We should also note that the original undiluted ferrofluid exhibits similar phase separation in external magnetic field, even though on much smaller ~ 0.3 m spatial scale (see Fig.1D ).
Polarization dependencies of ferrofluid transmission
Polarization dependencies of ferrofluid transmission as a function of magnetic field and nanoparticle concentration measured in a broad 0.5 m -16 m wavelength range conclusively prove hyperbolic crystal character of ferrofluid anisotropy in the long wavelength IR range at large enough magnetic field. Fig. 4A shows polarization-dependent transmission spectra of 200 m thick undiluted ferrofluid sample obtained using FTIR spectrometer. These data are consistent with hyperbolic character of  tensor of the ferrofluid in B = 1000 G. Ferrofluid transmission is large for polarization direction perpendicular to magnetic field (perpendicular to cobalt nanoparticle chains) suggesting dielectric character of  in this direction. On the other hand, ferrofluid transmission falls to near zero for polarization direction along the chains, suggesting metallic character of  in this direction. However, these measurements are clearly affected by numerous ferrofluid absorption lines, whose behaviour will be addressed later. In order to be conclusive, LWIR data must be supported by polarization measurements in the visible range and at  = 1.55 m presented in where  is the phase accumulated by the wave upon double pass between the phase boundaries, and T and R are the transmission and reflection coefficients for a single inter-phase boundary (note that T + R = 1 when losses at boundaries are neglected). Resulting transmission through a single resonator formed by the nanoparticle rich and nanoparticle poor phases is thus
Since R exhibits strong polarization dependence due to alignment of cobalt nanoparticles by external magnetic field, the universal "polarization notch" curve given by Eq. (6) finds natural explanation. Within the scope of model presented in Fig. 5C the overall transmission of ferrofluid is
where T FF is given by Eq. (5) and N is the number of effective Fabry-Perot resonators from Fig. 5C . Since the cuvette size in experiments presented in Fig.4 is d =10 m, the number of resonators N is small. Calculated transmission of such a model stratified ferrofluid is presented in Fig. 5D . For simplicity we have assumed that interfaces between cobalt rich and cobalt sparse regions behave as ideal polarizers, so that
However, even such an oversimplified model reproduces polarization notch behavior of stratified ferrofluid. Polarization notch is also clearly observed for = 4.48 m and 8.89 m (Fig. 5B) , where the ferrofluid is definitely hyperbolic according to Maxwell-Garnet approximation analysis. Thus, our microscopy results in Figs. 1C,D and detailed examination of polarization-dependent transmission of the ferrofluid presented in Figs. 4 and 5 strongly indicate both hyperbolic character of the medium in the long wavelength IR range, and its well-ordered periodicity. These data conclusively prove that the magnetized ferrofluid may indeed be considered as a self-assembled photonic hyper-crystal. As summarized in Fig. 6 , fabricated photonic hyper-crystals exhibit all the typical features associated with the hyperbolic metamaterials. For example, Figs. 6A and 6B demonstrate modulation of the metamaterial absorption lines due to hyperbolic order induced by the external magnetic field. Radiation lifetime engineering due to broadband divergence of the photonic density of states in hyperbolic metamaterials 12 has been predicted in Ref. 19 and experimentally confirmed in Refs. [20] [21] [22] . Absorption lines of kerosene offer natural target for testing this effect in fabricated photonic hypercrystals. Absorption spectra measured using FTIR spectrometer with and without external magnetic field are consistent with the decrease of the radiation lifetime of kerosene molecules in the hyperbolic state. Shorter lifetime leads to decrease in absorption line amplitude, which is detected in Fig. 6B . Reduced reflection has been reported recently as another experimental signature of hyperbolic metamaterials. 23 Due to broadband divergence of photonic density of states, roughened surface of a hyperbolic metamaterial scatters light preferentially inside the medium, resulting in reduced reflectance. In case of photonic hyper-crystals, periodic modulation of the hyper-crystal surface plays the same role, facilitating coupling of external light into the large k vector modes of photonic hyper-crystal. 
Evidence of broadband divergence of photonic density of states in ferrofluid

